Abstract-A hybrid target-foliage model is developed to investigate the scattering behavior of hard targets embedded inside a forest canopy. The proposed model is composed of two existing electromagnetic-scattering models, one for the foliage and the other for the hard targets that are coupled in a computationally efficient manner. The connection between these two models, which accounts for the interaction between the foliage scatterers and the target, is accomplished through the application of Huygens' principle. Wave penetration through the forest canopy and near-field and far-field scattering from its constituents is calculated using a coherent single-scattering theory, which makes use of realistic tree structures. Defining a Huygens' surface enclosing the hard target and calculating the illuminating field (the scattered fields from the nearby vegetation scatterers and reduced incident field), the interaction between the foliage and the hard target is accounted for. Computing the scattered field from target on the Huygens' surface and using a reciprocity theorem target-foliage interaction is captured very efficiently. Calculation of scattering from a hard target is carried out using a finite-difference time-domain (FDTD) technique. For a typical vehicle dimensions, the required time and memory for the FDTD computation and exact field calculation inside the foliage limits the simulation frequency to upper very high frequency (VHF) band.
I. INTRODUCTION

D
ETECTION and identification of hard targets inside vegetation canopies have long been a challenging problem in the area of remote sensing. Development of theoretical and numerical models for this problem has a wide range of both civilian and military applications. The ability of electromagnetic (EM) waves to penetrate through the foliage at low frequencies has made synthetic aperture radars (SARs) operating at the very high frequency (VHF) band ideal tools for detection of targets in the foliage [1] , [2] . However, the scattering effect of the tree constituents can distort the signal phase front, reducing the SAR resolution and changing the target signature. In this regard, a comprehensive phenomenological study is needed to accurately investigate the EM interaction of the foliage and an arbitrary hard target and vice versa. The literature concerning modeling the propagation through and scattering from forest canopies are many [3] - [7] . However, the problem of accurate modeling of scattering from hard targets embedded inside tree canopies remains an unsolved problem [8] , [9] . The difficulties associated with developing such model are threefold: one is the accurate computation of the field inside a forest; the second is characterization of the scattered field from the target illuminated by the field inside the forest; and the third is the computation of the scattered-field interaction with the foliage, and the total scattered field outside the forest at the observation point.
Considering the size of tree structures, the aspect ratio of the dimension of its constituent particles, the variability in dielectric constant of scatterers, and the relatively large number of trees around a target, brute force computational methods are not suitable for this problem. In addition, applicability of exact numerical methods is limited to very low frequencies where scattering from leaves and branches can be totally ignored. However, vegetation canopies can be viewed as a sparse random medium, having a volume fraction typically less than 1%. For such media, multiple scattering among constituent scatterers is of secondary importance and can be ignored. In this case, EM scattering from vegetation canopies can be simplified in terms of problems of scattering from individual dielectric cylinders and thin dielectric disks, modeling branches and leaves, arranged in a semideterministic fashion. The formulations for calculating the scattering and attenuation caused by vegetation particles have been derived analytically, using high-and lowfrequency techniques [3] , [4] . The effect of the ground plane is also accounted for, through the application of image theory maintaining only the saddle point contribution. For precise prediction of the field behavior inside the canopy, the structure of the trees is preserved in the forest model. This is done using a fractal-based model [known as Lindenmayer systems (Lsystems)], which can generate very complex tree structures with a finite number of structural and botanical parameters. Monte Carlo coherent single-scattering model, which makes use of fractal-generated trees, has been proposed in [10] and [11] 0196-2892/$20.00 © 2006 IEEE to estimate the scattering from and propagation through the forest canopy. In this model, the coherent summation of all scattering contributions, including those from the ground plane, is computed to find the total field at a given point within the forest canopy. This total field is used as the excitation source for the hard target.
For the problem of EM scattering from an isolated target of arbitrary shape, a number of approximation and numerical approaches may be used. In VHF band , highfrequency approximation techniques are not usually applicable for typical ground vehicles, where the wavelength is comparable to the vehicle dimensions. Therefore, exact numerical approaches such as method of moments (MoM) or finitedifference time-domain (FDTD) are appropriate to treat the scattering problem. In past, FDTD technique has been widely used for simulation of scattering for a wide range of scattering problems [12] - [15] . To get the benefit of FDTD, accurate analysis for complex targets, and yet to account for scattering interaction with a nearby vegetation in a computationally tractable manner, we use a hybridization of FDTD with the coherent single-scattering model for the forest.
The main contribution of this paper is in the construction of a foliage-target model that is computationally tractable and can provide accurate results. This model accounts for scattering from the foliage, hard target, and near-field interaction of the foliage and the hard target. In what follows, first, we derive a general formulation for backscattering from a target above the ground plane and embedded in the foliage, illuminated by a plane wave of arbitrary polarization. This formulation makes use of the forest model for computation of the near-field scattering from the trees over a Huygens' surface enclosing the target and a full-wave FDTD formulation for a computation of the scattered field from the target on the same Huygens' surface. The reciprocity is used to compute the radiated field from the Huygens' surface at the observation point [12] , [14] . The model is validated using an iterative physical optics (IPOs) [16] - [18] in conjunction with physical theory of diffraction (PTD) solution applied to a dihedral corner reflector in free space and above the dielectric half-space. Having the hybrid model (FDTD + Huygens' surface approach + reciprocity) validated, the model is then used to simulate the polarimetric radar response of a metallic vehicle under the foliage.
II. THEORY
In this section, the basic formulation of the proposed hybrid time-and frequency-domain method for studying an accurate radar backscatter response of a foliage-camouflaged targets is presented. The overall model is composed of three basic components: 1) a frequency-domain forest model; 2) FDTD model for the hard target; and 3) an algorithm that interfaces the forest and target models and allows for computation of targetfoliage-scattering interaction in an efficient manner.
A. Coherent Forest Model
For developing an EM-scattering method for detection and identification of hard targets embedded inside vegetation canopies, a comprehensive physics-based model is needed. Such a model must be able to preserve the phase of the backscatter so that SAR, interferometric SAR, and polarimetric SAR simulations are possible. In the single-scattering theory, field computation is carried out coherently, to preserve the phase of the scattered fields. Such a model is implemented in [10] where the scattering from each tree component, when illuminated by the mean field, is calculated and the total scattering is expressed as the coherent summation of all the scattering contributions. This model is capable of an accurate estimation of the polarimetric radar response from forested environments. In the following, we review the basic concept and mathematical formulations used in this model [7] , [19] .
It has been demonstrated that tree structures have significant effects on the radar backscatter response of the tree canopy as well as propagation behavior of the signal going through the forest [20] . Implementation of the L-system, using fractal theory, has shown to be an effective approach for including the tree structures in the EM-scattering model [21] - [23] . Basically, in the L-system, the structures of the trees are generated through a rewriting process [24] , using a finite number of botanical and geometrical parameters. In this model, tree constituent components such as branches and leaves are represented by dielectric cylinders and thin dielectric disks, respectively, and arranged in a semideterministic fashion. Then, the single-scattering theory based on distorted Born approximation is used, where for every scatterer inside the forest illuminated by the mean-field, the scattered field is computed at the observation point and the total scattered field is expressed as a coherent sum of all scattering contributions. Therefore, the total scattered field E s can be mathematically expressed as
where N is the total number of scatterers, S n is the scattering matrix of the nth scatterer, and φ n is a path delay phase given by
Here, r n is a vector denoting the location of the nth scatterer, andk i andk s are the propagation unit vectors along the direction of incident and scattered fields, respectively. The scattering from tree constituent components S n is calculated in the presence of a dielectric half-space representing the ground plane. Using a geometric optics approximation, scattering from each scatterer can be decomposed into four components: 1) direct S t n ; 2) ground-scatterer S tg n ; 3) scatterer-ground S gt n ; and 4) ground-scatterer-ground S gtg n . Therefore, the scattering matrix S n can be written as
The model presented in [10] makes use of far-field expressions for scattering matrices used in (2) . This model is used to compute the backscattered field from the foliage alone in the far-field region. A more advanced model was developed in [11] , where the observation point can be placed inside the forest, possibly in the near field of some scatterers. Scattering formulations for individual scatterers were modified to achieve a uniform scattering solution for scatterers valid from nearfield to far-field regions. For the computation of the scattered field at a point inside the forest, distorted Born approximation is invoked [7] . That is, each scatterer is assumed to be inside an effective homogeneous medium and illuminated by a mean field, composed of two components: 1) direct and 2) reflected from the ground. Therefore, in (1), E i n is the mean field calculated at each scatterer location and similarly, in the calculation of the scattering matrix in (2), the presence of such equivalent medium is considered.
Calculation of the mean field is carried out using Foldy's approximation [7] . According to Foldy's approximation, inside a uniform random medium the coherent part of the field (mean field) E, has the following variation with respect to the distance s along the propagation directionk:
where
and
In (5), n 0 is the volume density of the scatterers, k 0 is the propagation constant in free space, and S 0 pq (k,k) is the ensemble average of the forward-scattering matrix, where p and q can be v or h for vertical or horizontal polarizations, respectively. Solution for (3), is given by E = e ik 0 s T (s,k) · E 0 , where E 0 is the field at s = 0. Matrix T is called the transmissivity matrix, and is given by
It is noted that the imaginary part of M pq , called extinction coefficient, accounts for the extinction of the mean field propagating inside the random medium. This is due to the scattering and absorption caused by random particles. To account for variability in particle shape and distribution along the vertical extent of the forest stand, the random medium (forest stand) is divided into M homogeneous strata with different effective dielectric constants. Based on Foldy's approximation (5), the propagation constant of each layer is proportional to the ensemble average of the forward-scattering-matrix elements of scatterers inside that layer [7] . It is noted that the boundaries between the layers are diffuse where no reflection or refraction take place. For determining the number of layers M , the code starts with a moderate number of layers. Then, the extinction of each layer is calculated. If the discontinuity of extinction between any two layers is bigger than a predefined threshold, then the forest stand is divided in to finer layers. Fig. 1 shows the simulate extinction profile of a pine stand with a tree number density of 0.05 trees/m 2 versus height at two different frequencies and polarizations. As shown, we observe higher attenuation coefficient for higher frequency than that of lower frequency due to the scattering and absorption losses of [25] . Therefore, according to (5) , the extinction coefficient is proportional to k 0 . As shown in Fig. 1 , it is expected that extinction at 200 MHz be about ten times higher than that at 20 MHz. In addition, vertical polarization of incident field has a higher extinction coefficient than horizontal polarization because of the specific arrangement of scatterers in the tree structure. Due to higher volume density of scatterers, the crown region shows the higher extinction coefficient than trunk region except for very low frequencies where vertical polarization experiences slightly more attenuation in trunk region compared to the crown region.
B. Computation of Local Scattered Field Using FDTD
The FDTD technique is a very versatile full-wave numerical approach appropriate for targets of arbitrary geometry and material properties and for characterization of the scattered field over a wide range of frequencies [26] , [27] . Although FDTD formulation is very general, for a very large computation domain such as the foliage-camouflaged target, the computation time and the required memory become prohibitively large [14] . Another level of difficulty in the brute force application of FDTD is the aspect ratio of the dimensions of scatterers such as broad leaves and needles. Because of these difficulties the computational domain is limited to the target itself excluding the surrounding foliage. In order to calculate the scattered field from the target using FDTD, the computational domain is divided into the total-field and scattered-field regions separated by a virtual interface enclosing the target. This interface serves as a connecting boundary over which the difference between the total field and the scattered field (incident field) is imposed [26] - [28] . The target structure is located inside the total field region surrounded by the virtual rectangular box. Using the forest model, the field on the FDTD box is computed and considered as the incident field for the target. Using the FDTD scheme, the scattered field by the target itself is calculated at the same grid points on the box, and then using a scheme based on the reciprocity theorem, the backscattered field at the radar position is computed.
C. Computation of Backscattered Field
The backscatter field from a target inside the forest canopy is composed of two main components. The first component is the direct scattering from the target simply attenuated by the foliage above, and second component contains the scatteredfield interaction between the foliage and the target as well as the target and the foliage. In order to calculate the backscattered field from a target inside the forest canopy without the computation of scattering interaction of target radiated field and the surrounding foliage, the reciprocity theorem can be used. The application of the reciprocity for a computation of first-order-scattering interaction between two objects has been demonstrated in past [29] . This method in conjunction with a Huygens' surface is used here to account for an interaction of a random media with a complex hard target. According to the reaction theorem, for two sets of sources and fields, denoted by 1 and 2, we have [30] 
where E and H are electric and magnetic fields, and J and M are the electric and magnetic current sources, respectively. E 1 and H 1 are fields generated by J 1 and M 1 at the location of the second sources J 2 and M 2 and similarly E 2 and H 2 are produced by J 2 and M 2 at J 1 and M 1 location. For problem at hand, we consider elementary current sources J 1 and M 1 at the radar location and induced currents on target as the secondary sources. Consider an elementary current source J 1 at the radar position r R , oriented along a polarization unit vector −p given by
Here, k o and Z o are the propagation constant and characteristic impedance of the free space, respectively, and we assume M 1 = 0. This source producesp-polarized field at the far-field region. The unit vectorp can be chosenĥ i orv i for horizontal or vertical polarization, respectively. These unit vectors in a global coordinate system are defined bŷ
wherek i is the unit vector along the propagation direction of the incident field. Substituting (8) in (7), we have Hence, once the incident field and the induced currents on a target are known the backscattered field can be computed from (10). Using (10), each component of the scattering matrix can be computed from
where p and q represent the h or v polarizations. The first and second subscripts of scattering elements denote the receive and transmit polarizations, respectively. Since for backscatter directionk s = −k i , we haveĥ s = −ĥ i andv s =v i , the minus sign in (11) is chosen when the receive polarization is vertical. Finally, the radar cross section (RCS) of the target is calculated from
In (7), the electric and magnetic currents J 2 and M 2 are generally any equivalent electric and magnetic currents that can be directly computed on the target surface or on a hypothetical surface enclosing the target. These equivalent currents can produce the same scattered field as these produced by the physical induced currents. Using Huygens' principle, the tangential surface fields over a general closed surface that contains only the target (and not the foliage) are sufficient to generate the equivalent currents. Fig. 2 shows a fictitious rectangular box with surface S around the target. Denoting the scattered field outside S by E 2 and H 2 , then according to Huygens' principle, we have
where G(r, r ), is the dyadic Green's function for the media, andn is the normal unit vector pointing outward. Note that for complex random media such as a forest canopy the exact computation of the Green's function is not possible and therefore the computation of the scattered field in the presence of the random media in a direct manner is not possible. The quantities (n × H 2 ) and (−n × E 2 ) can be interpreted as the equivalent electric and magnetic surface current densities, respectively, i,e.,
Substituting (14) in (11), it can be shown that
For our problem, the incident fields on the target E 1 and H 1 are composed of the superposition of the scattered fields from all tree constituents such as branches, trunks, and leaves, and the direct field attenuated by the foliage (mean field). Each of these field components can be decomposed into a direct and a reflected field from the ground plane. For ap-polarized incident plane wave
where the subscripts d and r stand for the direct and reflected fields, respectively. E 2 and H 2 , on the surface S, are computed using the FDTD technique, described in the previous section. Since the fields computed by the forest model are in the frequency domain and the input to the FDTD code must be in time domain, a frequency-to-time-domain transformation is needed. Depending on the desired frequency range of simulation, the complex total field quantities from f start to f stop are computed over the FDTD box at N discrete frequency points. The choice of N (increments in frequency) depends on the size of the FDTD box or equivalently the alias-free time-domain period.
Once the frequency-domain fields are computed, the timedomain representations are calculated by
To alleviate the effects of abrupt frequency truncations which results in high time-domain side lobes, a Gaussianweighting function can be introduced in (17) . The output of FDTD simulation for tangential fields is in the time domain, and the fields quantities required in (15) are in the frequency domain. Denoting the time-domain response of the scattered fields computed by FDTD simulation by ε 2 (t) and ζ 2 (t), the scattered fields in frequency domain are obtained from Expressions of (16) and (18) are used in (15) for the calculation of the backscattered field. It should be noted that, with this technique, only the first-order scattering interaction is taken into account. To demonstrate the validity of the proposed hybrid frequency-domain and time-domain method, a 3 m × 3 m metallic dihedral corner reflector in free space is considered. A plane wave illumination is assumed and simulation is desired over a frequency range of 14-206 MHz. Since the target is inside an FDTD box with size of 3.96 m × 3.96 m × 3.96 m, maximum frequency increment ∆f = 43.74 MHz is required to have alias-free time-domain response. For this simulation, we used ∆f = 6 MHz (N = 33). The cell size in FDTD code is set to 12 cm, which is smaller than λ/10 at the highest simulation frequency. Due to the size of the FDTD box and cell size, a time span of about 212 ns with time step of 0.83 ns is considered in FDTD to provide an accurate solution. For the hybrid time-and frequency-domain approach first the incident field quantities are computed as a function of frequency over the FDTD box, and then the process described above was followed. Fig. 3 shows the backscatter RCS of the dihedral, using direct FDTD, the hybrid approach, and a totally independent approach using IPOs approximation and PTD [16] - [18] . Fig. 3(a) shows the RCS as a function of frequency for an H-polarized incident plane wave, propagating along θ i = 30
• and φ i = 180
• . Fig. 3(b) shows the same result in time domain. Since the FDTD box is centered above the origin, a nonzero backscattered signal is also observed for negative times. As shown, an excellent agreement exists between direct FDTD and the hybrid approach. The small discrepancies are due to the effect of the discretizations in time, space, and frequency domains. Also, there is a very good agreement between the iterative PO + PTD and the numerical results at high frequencies (f > 50 MHz) where the high-frequency approximation method is expected to work. A difficulty may arise due to the presence of the ground plane. The total incident field on the target is the superposition of the incident field and its reflection on the ground plane. In situations where the target is sufficiently above the ground plane, the superposition of the incident field and reflected field can be used as the total incident field on the target. However, in cases where the target is sitting on the ground, the target shadows the ground and no reflected fields from the shadowed region are generated. In this model, the effect of shadowing is accounted for, in an approximate manner by placing a perfectly absorbing layer on the ground over the shadowed area, as shown in Fig. 4(a) . Fig. 4(b) shows a comparison of backscattering RCS from a dihedral corner reflector, above a dielectric ground plane with r = 5.62 + i0.94, calculated once using the proposed hybrid method then using PO + PTD approximation for an H-polarized incident plane wave propagating along θ i = 30
• . A very good agreement is shown at high frequencies (f > 60 MHz) where the iterative PO + PTD is expected to work properly.
III. NUMERICAL SIMULATIONS OF FOLIAGE-CAMOUFLAGED TARGETS
To study the importance of foliage in modifying the RCS values of foliage-camouflaged targets, simulation of backscatter responses of metallic targets in a pine forest stand is examined. First, we consider the metallic dihedral corner reflector, used in the previous simulations (each panel is 3 m× 3 m). For this simulation the dihedral is placed 0.5 m above a lossy ground plane, having a relative permittivity of r = 5.62 + i0.94. It is assumed that the target is surrounded by eight nearby trees [see Fig. 6(c) ]. These trees are generated by the statistical L-system having maximum height of 15.3 m, crown radius of 3 m, crown height of 9.6 m, trunk radius of 10.9 cm, and more than 5000 branches per tree. Since the target in the forest can be fit within a volume with a maximum linear dimension of about 22.65 m, the maximum frequency increment ∆f must be less than 13.25 MHz to have alias-free time-domain response. For this example, the following parameters were chosen, ∆f = 6 MHz, cell size = 12 cm, time span = 212 ns, and time step = 0.83 ns. To make the code faster and at the same time observe accurate results, only scattering effects of branches that have radii more than 0.01λ have been calculated. Other scatterers contribute only to the signal attenuation. Fig. 5(a)-(d) shows the backscattered RCS response of the dihedral as a function of frequency once with and once without foliage, for basic radar polarization configurations. The backscatter responses of the target embedded in the foliage shown in these figures do not include the forest backscatter itself. As shown, at lower frequencies, the effect of forest on modifying the backscattered response of the target is negligible. However, for higher frequencies the effect of forest is observed in reducing and distorting the RCS pattern. At frequencies below 70 MHz, the foliage-scattering interaction contribution is much smaller than the dihedral scattering by itself and thus, in this case, the polarimetric-target signature does not change. For the same arrangement of the trees, a simulation is carried out for a complex metallic vehicle [see Fig. 6(a) ] inside the FDTD box with dimensions of 5 m × 5 m × 5 m [see Fig. 6(c) ], placed inside the forest. For this simulation, we used ∆f = 6 MHz (N = 33) and the cell size of 10 cm. This surface of the FDTD box is composed of 62 424 pixels for which the forest fields must be calculated. Due to the size of the FDTD box and cell size, a time span of about 176 ns with a time step of 0.69 ns is required for the FDTD technique to provide accurate results. Fig. 7(a)-(f) compares the frequency response of the backscatter from the target for standard polarization configurations, once with and once without foliage. As before the response of the target includes the foliage interaction (foliage-target and target foliage). The computation time for this simulation is estimated about three days, using two AMD Athlon processors, with 2-GHz CPU and 1-GB RAM. The scattering computation results provided here are run by personal computer for one realization of pine stand forest, including eight pine trees. In fact, using parallel computers, more number of realizations of forest can be simulated.
Practically, the radar received signal is the coherent summation of the target and the forest backscatter responses. The dihedral and the vehicle in previous simulations are used as targets inside the forest. Fig. 8 compares total backscattering from the target and the forest, the forest alone and the target, for horizontal and vertical polarizations of incident fields. Scattering from all eight pine trees are included in the forest response. As shown, the backscatter response of the camouflaged target is significantly distorted by the forest. It is observed that from frequencies above 60 MHz, the signature of the target response is changing which makes target detection very difficult. Target discrimination approaches, such as polarization signature and polarization optimization study are needed for identifying the target in a strong clutter environment.
IV. CONCLUSION
At very low frequencies, scattering from the forest itself may be rather small, and the effect of forest on scattering behavior from the hard target can be carried out by applying a simple attenuation on RCS, and increase on propagation phase constant. However, at high frequencies the forest distorts the incident wave phase-front, as well as its polarization significantly. To show this, a hybrid foliage-target model is developed. The hybrid model is composed of two scattering models, the foliage model and the full-wave hard target scattering model. The foliage-scattering model uses the single-scattering theory applied to realistic looking tree structures generated by a fractal model known as L-systems. The target scattering is computed by FDTD. The connection between these two models, which accounts for the interaction between the foliage scatterers and the target, is carried out through the application of the reciprocity theorem. This model has the ability to characterize the scattering from camouflaged complex targets inside the forest canopy accurately. Simulations of scattering from hard targets embedded inside a forest canopy, in VHF band , was carried out using proposed hybrid model. Based on simulation results, it is observed that the signature response of a camouflaged vehicle with typical dimensions of 4 m × 2 m × 1.5 m inside a pine forest with density of about 0.05 trees/m 2 is significantly changed for frequencies above 60 MHz. Clearly, the electric size of the target as well as forest parameters, such as density of the trees, determine this frequency. His research interests are in the area of applied computational EMs with particular interest in remote sensing.
